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Metabolic support of Na transport by the rabbit CCD: Analysis of the
use of equivalent current. The role of metabolism in the support of ion
transport by the cortical collecting duct (CCD) is being increasingly
recognized as a complex process involving energy supply to the
Na/K pump and maintenance of cellular conductive pathways. In
order to assess both of these processes, we measured the metabolic
support of Na transport using transepithelial electrical measurements
and, in some cases, simultaneous determination of lumen-to-bath Na
flux. Analysis of the calculated equivalent current (ieq)' the product of
the transepithelial voltage and conductance, showed a predicted (and a
measured) discrepancy between this value and the magnitude of active
Na transport. Under conditions of this study, the change in 'eq in a
single tubule was a reasonable index of the change in Na transport.
The majority of the support of Na transport appears to come from
oxidative metabolism. Glucose supports transport better than the other
substrates tested, but lactate, pyruvate, and some acids provide near
maximal support. We found some conditions where large changes in
Na transport occurred without significant changes in conductance.
Conductance could also be altered without producing major changes in
transport. These results demonstrate complex and possibly indepen-
dent influences of metabolism in the regulation of Na transport and
cell conductive pathways.
The cortical collecting duct (CCD) has the capacity to vary
the magnitude of Na absorption and K secretion by a factor
of 10 or more [1]. At the higher rates of transport, the metabolic
capacity of the cell to support such transport might be pushed to
physiologic limits. A widely recognized consequence of a
limited supply of energy (ATP) is a limitation on the capacity of
the Na/K pump to extrude Nat The cause of the reduction
in Na/K pump activity following a reduction in cell ATP
would seem intuitively obvious; less cell ATP would limit its
availability to the pump. However, the precise cellular events
leading to parallel changes in ATP and Na/K pump activity
are unknown. Maneuvers that limit ATP production produce a
reduction in pump activity in intact cells even when cell ATP
levels are sufficient to fully support Na/K ATPase activity in
broken cell preparations [2]. It is clear that the role of ATP in
the support of Na/K pump activity is complex.
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The relationship between transport and metabolism, while
having received substantial attention for many years, has been
the subject of even more interest since the discovery of ion
channels that are regulated by ATP and ADP [3]. In the rat
CCD, there is convincing evidence that the apical membrane
K channel responsible for the majority of K secretion is
regulated by ATP [4]. Its role appears to be complicated; at low
concentrations ATP activates single channels via protein kinase
C-mediated phosphorylation, while at higher concentrations
ATP inhibits the open-state probability. The cytoplasmic pH
and the concentration of ADP can exert potent modulating
influences on the action of ATP [5].
The actual role of cell ATP and ADP on the activity of this
apical membrane K channel under physiologic conditions is
not clear. At 1 to 4 m, the concentration of ATP likely to be
present normally [6, 7], ATP has an inhibitory effect on single,
excised channels [5]. A plausable role for ATP and ADP in the
secretion of K by the CCD has been suggested to involve
reciprocal changes in ATP content and the turnover rate of the
Na/K pump. This theory encompasses the idea that an
increase in the rate of pump activity (for example following an
increase in Na entry across the apical membrane) would
decrease the ATP/ADP ratio in the cytoplasm of the principal
cell and increase the open-state probability of the apical mem-
brane K channel. In this way, changes in the rate of Na
absorption could secondarily alter the permeability of the apical
membrane to K and regulate K secretion. A similar role for
an ATP-regulated basolateral K channel has recently been
proposed as an explanation for the close coupling between
pump activity and K conductance in the proximal tubule
[8—10].
The integrated effects of changes in the metabolic state of the
CCD on Na and K transport ultimately must be determined
in an intact cell preparation. In this regard, the rabbit CCD has
some features that permit electrical measurements to be used to
provide an initial estimate of the relative magnitude of Na/K
pump activity and the permeability of the apical and basolateral
membrane conductive pathways of the principal cells. Because
electrogenic Na absorption dominates CCD ion transport
under most experimental conditions, the transepithelial voltage
(MT) is lumen-negative. While the magnitude of the VT usually
reflects the magnitude of Na transport [1], the absolute value
can be mitigated by variations in the transepithelial conduc-
tance (GT). Thus, changes in VT alone cannot be assumed to
743
744 Nonaka and Stokes: Metabolism and Na transport
always reflect changes in the magnitude of Na transport. To
overcome this potential problem, some investigators have uti-
lized the calculated or equivalent short-circuit current ('eq)' the
product of the VT and GT, to more accurately estimate the
magnitude of Na transport [11].
The advantages of the 'eq over measurements of Na trans-
port using fluxes is that the 'eq can be assessed more rapidly and
repeatedly. The 'eq thus has the potential for detecting transient
or rapidly occurring changes in transport that might be unde-
tectable given the time frame required for accurate determina-
tion of fluxes. Despite these potential advantages of the 'eq
determination, there has been little attention paid to the theo-
retical validation of its use. For isolated, perfused tubules,
where voltage clamping the epithelium is impractical or impos-
sible, the validity of the 'eq as an index of active ion transport
becomes an important question. For epithelia functioning in a
flat sheet, such theoretical considerations are somewhat less
important, as the short-circuit current can be measured di-
rectly. However, the recent interest in the electrophysiologic
properties of epithelial cells cultured on permeable supports has
created a situation where a thorough understanding of the
principles underlying the 'eq may be increasingly important.
Commericially available devices can measure T and GT (by an
alternating current method) but cannot voltage clamp the tissue.
Thus an articulation of the relationship between 'eq and active,
electrogenic transport is timely.
The CCD poses some special considerations in interpreting
changes in 'eq• The active transport of three ions contributes to
the measured VT and the actual transepithelial current flow.
Na transport from lumen to bath (absorption) produces the
dominant current while K and H secretion produces oppo-
sitely directed currents. Given these simple considerations, one
would predict that the value of the 'eq should be less than the
value of the net Na absorption. However, recently published
measurements made in our laboratory have shown that the
value of the 'eq is actually higher than the rate of Na transport
(when expressed in the same units). Despite this discrepancy,
changes in the magnitude of the 'eq were a good index of the
reduction in Na transport produced by epidermal growth
factor and prostaglandin E2 [12].
The present experiments were designed to determine the
metabolic support of active ion transport by the CCD. In order
to capture as much information as possible about all of the
species transported conductively (Na, K, and H), and the
changes produced in the (cellular) conductive pathways, we
measured GT and VT and calculated 'eq for all of the tubules. In
some circumstances, we combined these measurements with
simultaneously determined lumen-to-bath 22Na fluxes. As part
of the process of evaluating the metabolic support of Na
transport, we analyzed the reason for the difference between
the 'eq and the measured Na transport rate.
Methods
New Zealand White rabbits of either sex (1.5to 2.5 kg) were
used for these experiments. All rabbits were fed standard chow
containing 340 mEq K and 120 mEq Na per kilogram and
were given 120 mrt KCI to drink. Before death, each rabbit
received 12.5 mg desoxycorticosterone i.m. as previously de-
scribed [131. We call this the high K-DOC model. Rabbits
treated in this manner develop high rates of Na and K
transport by the CCD but do not become K depleted [13].
Immediately after death by decapitation a kidney was re-
moved and 1 to 2 mm slices placed in chilled dissection
medium. Single CCDs were dissected from the outer third of the
cortex and perfused according to the technique originally
described by Burg et al [14] and modified by this laboratory
[13]. Tubules were perfused at flow rates of> 50 nI/mm to
minimize changes in the composition of the tubular fluid. The
bath solution was changed at a rate of 2.5 mI/mm; the bath
volume was 0.75 ml. The standard solution used to bathe the
tubule contained (in mM) 118 NaCl, 5.0 KCI, 1.8 CaC12, 1.0
MgC12, 22 NaHCO3, 2.3 Na2HPO4, and 8.3 D-glucose. This
solution was gassed with 6% CO2 in a 37°C reservoir so that the
pH of the solution in the bath chamber was 7.4. The dissection
medium was identical to the bath solution of the first experi-
mental period. The perfttsate was the same as the bath except
that the perfusate contained mannitol in place of glucose (or
other substrate). In the HCO3-free experiments, the buffer was
10 m Na N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid (HEPES), pH 7.4, and was gassed with 100% °2•
Electrophysiological measurements were conducted as pre-
viously described [13]. VT was measured by the perfusion
pipette and referenced to the bath. GT was measured by cable
analysis as previously described [15, 16]. Bidirectional square
wave constant current pulses were injected through the perfu-
sion pipette. The magnitude of the current necessary to produce
a measurable voltage deflection at the distal end of the tubule
was 150 nA and the duration of the current necessary to
overcome the capacitance of the perfusion pipette was 80 to 100
ms. GT was calculated according to the equations applicable for
a single core cable [15, 17]. 'eq was calculated as the product of
GT and VT; a positive current indicated the translocation of a
positive charge from the lumen to the bath.
Lumen-to-bath 22Na4 flux measurements were made by
adding the tracer to the perfusate (— 100 .tCi . m1 1) and
collecting the bath at timed (-- 4 mm) intervals. The unidirec-
tional flux (1Eq . cm2 hr) was calculated according to a
standard equation [13]; the area of the tubule was calculated
from measurements of the inner diameter made by a reticle in
the microscope eyepiece. No correction was made for the
passive (paracellular) lumen-to-bath Na flux unless so indi-
cated. Based on other experiments, we would expect this value
to be 1 to 1.5 jEq cm . hr [13]. All flux experiments
contained dialyzed 3H-methoxy inulin to monitor for leaks.
Tubules leaking >1% of the perfused inulin marker were
discarded. In every flux experiment we conducted simultaneous
measurement of the electrophysiological parameters.
The protocol for experiments where various metabolic sub-
strates were compared with glucose was as follows. All sub-
strate concentrations were 8.3 m. This concentration is sub-
stantially higher than is necessary to maintain transport or cell
ATP levels wherever it has been examined [7, 18]. The addition
or removal of metabolic substrates was conducted isosmoti-
cally. Mannitol was exchanged for non-ionized substrates (such
as glucose) and Na gluconate was exchanged for the Na salt of
ionized substrates (such as Na butyrate). In pilot experiments
we have shown that glucose removal with or without manitol
replacement produces virtually identical effects. We thus con-
sider mannitol a metabolically inert substance. Isotonicity was
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—
E + Eb + E5
Ra + Rb + R
Table 1. Na transport and electrophysiology of CCD in HEPES
versus bicarbonate buffer
Table 2. Effect of glucose removal on 'eq and GT
N Control Glucose removal
'eq pA/cm2
GT mS/cm2
6
6
539 81
18.7 2.4
28
8.1
12
1.2Lumen
Bath
JNa
pEq
cm2hr'
GT
mS
cm2
VT
mV 'eqpA
cm2
HEPES
HEPES
7.4 2.2 17.8 4.0 —15.0 4.0 267 40
HEPES
HC03
7.6 2.7 17.4 5.0 —14.4 5.1 250 52
HC03
HCO
7.4 2.3 15.7 3.4 —16.9 4.4 266 39
HCO
HEPES
7.3 2.2 18.4 5.0 —14.8 4.5 273 38
Abbrevia-N = 7 tubules. The order of exposure was randomized.
tions are: JNa, unidirectional lumen-to-bath Na flux; GT, transepithe-
hal conductance; I,, , equivalent short circuit current. Na values
represent a mean of ve 4-minute periods for each condition. There is
no difference between any of the periods by ANOVA.
maintained to eliminate any possibility that small changes in
osmolality could complicate the interpretation of the results.
All materials were reagent grade or better. 22Na and 3H-
methoxy inulin were obtained from New England Nuclear
(Boston, Massachuetts, USA). Values are reported as mean
SEM. Statistical analysis was conducted by ANOVA or paired t
analysis as indicated. Significance was assumed when the P
value achieved <0.05.
Results
The first series of experiments compared the simultaneous
determination of 'eq and unidirectional (lumen-to-bath) Na
flux under two different conditions: one where H secretion
would be expected to be normal, and one where it would be
expected to be near 0. The intent of these experiments was to
determine the extent to which H secretion in this preparation
(the high K-DOC model) would alter the relationship between
these two estimates of Na transport. We compared the values
of GT, "T, 'eq' and the unidirectional 22Na flux in seven
tubules using both the C021HC03 buffer and the HEPES
buffer in random order.
The results of these experiments are shown in Table 1. There
was no effect of the solution changes on GT, VT, 'eq' or JNa
when analyzed by ANOVA. Although we were somewhat
surprised by these results, we interpret them to indicate that the
magnitude of electrogenic H secretion in this preparation is
too small to detect using these methods. We infer from these
data that changes in H secretion produced by experimental
maneuvers are not likely to produce a major effect on the
calculated 'eqS
Validation of the 'eq
Despite the convenience of using 'eq to estimate Na trans-
port, Table 1 (as well as our previous study [12]) demonstrates
that it is not an adequate marker for strict quantitative pur-
Values represent steady state measurements over 10 to 20 minutes.
The time course of these tubules shown in Figure 1.
poses, at least in this model. A lumen-to-bath Na flux of -7.5
sEq cm2 hr', represents approximately 6.5 Eq .cm2
hr of net Na absorption (because the paracellular flux in this
preparation is — 1 Eq cm2 . hr, [13]). If Na were the
only actively transported ion, the current produced would be
- 175 pA cm2. However, the 'eq showed about 260 pA
cm2. The discrepancy is made even greater by the fact that
electrogenic K secretion is vectorially opposite to Na ab-
sorption. Thus, the net current flow through the cell should be
substantially less than 175 1sA cm2. Clearly, the absolute
value of the 'eq is in error.
There are only two general reasons that the 'eq would not
accurately reflect the quantity of current through the cell: either
the parameters used to calculate 'eq were in error or the
assumptions underlying the use of the equation are not appli-
cable. We will first consider the possibility that the parameters
T or GT were erroneous.
Because VT was measured directly and the perfusion rate was
extremely high (mitigating diffusion voltages induced by devel-
opment of ion gradients), we consider it unlikely that a major
error was made in this measurement. The value for °T' on the
other hand, is a calculated value that could be overestimated
because of the time-dependence of the change in VT that can be
produced by injecting current [19]. To test whether the values
for GT and the individual barrier conductances are reasonable
estimates, we have used the equivalent circuit model [20] to
calculate the current loop. The magnitude of this ioop, I, is
given by the expression
(Eq. 1)
where E is the electromotive force, R the resistance and the
subscripts a, b, and s represent the apical membrane, the
basolateral membrane, and the paracellular pathway, respec-
tively. Because net current flow across the epithelium under the
present experimental conditions (that is, open circuit) must be
0, I represents the net current flow across the apical membrane,
the basolateral membrane, or (in the opposite direction) the
paracellular pathway; the absolute value of the net current flow
across each of these barriers must be equal. We have previously
estimated the values of Ra, Rb, and R for this high K-DOC
model [13] and for the present calculations used the following
ranges of values: R 180 to 250 fi .cm2, Ra 30 to 45 fl cm2, and
Rb 20 to 35 fl cm2. We constrained the R values so that the
calculated GT approximated the experimentally determined
values in Table 1 and also constrained the fractional resistance
of the apical membrane [RaI(Ra + Rb)] to 0.5 to 0.6 [13].
We estimated the values for Ea, Eb, and E as follows. E was
assumed to be near 0. Ea and Eb were estimated by iteratively
40
35
30
25
20
15
10
5
0
250
200
150
100
50
0
0 20 40 60 80 100 120
Time, minutes
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400
200
0
solving the following equations for the apical, basolateral, and
transepithelial voltages [201.
Ra (E — Eb) + Ea (Rb + R5)Va -
Ra + Rb + R5
Rb (E5 E5) + Eb (Ra + R8)Vb -
Ra + Rb + R5
R5 (Ea + Eb) + E5 (Ra + Rb)
VT =
Ra + Rb + R5
Knowing any two of the voltage values allows calculation of the
third because using these sign conventions VT = 1a + "b
Because the value for Vb in this model is - 90 to 94 mV (cell
interior negative [13]), Eb is constrained to a rather narrow
range of values (94 to 98). Ea, for purposes of this analysis, was
allowed to vary over a somewhat wider range (62 to 75 mY, the
sign of which is opposite to Eb) to allow VT to match the
experimentally determined values.
The calculated current ioop using the above ranges of con-
ductances and estimates of Ea and Eb is 80 to 130 A cm2.
These values are several-fold lower than the calculated 'eq•
However, they encompass reasonable estimates of the actual
current loop calculated from the values of J. For example, for
a J of 8 Eq cm2 hr and a K secretory rate of 4 sEq
• cm2 hr' [13], a net current flow of 108 A . cm2 would be
expected (1 sEq hr1 = 27 A at 37°C). If J were 7 and K
secretion 4 /LEq cm2 . he', net current flows would be 81 jA
• cm2. These calculations clearly indicate that errors in the
barrier resistance values can not be a major source of the
discrepancy between 'eq and Na•
If the discrepancy is not in the measurement, there must be
an error in the underlying assumption. Examination of equa-
tions ito 4 and the above analysis readily permit the conclusion
that the product of VT and GT can be substantially larger than
the net current flow through the cell. [Similar conclusions can
be reached using an experimental approach in which lumen
Ba ÷ inhibits K secretion [34]. That approach could not be
used in the present experiments because of its transient nature.]
A more quantitative comparison is derived in the Appendix.
Using the simplified expression (A6), one can see that the major
reason for the magnitude of the discrepancy between 'eq and the
magnitude of active Na absorption is the relatively large ratio
of cellular to paracellular conductance. Under conditions where
the paracellular conductance dominates the GT, the 'eq will
more closely approach the actual current loop. For epithelia
E 3\ where electrogenic Na transport dominates current flow( q. through the cell (that is, there is little electrogenic K secretion
or H secretion), 'eqwill be related to the magnitude of active
Na transport by the ratio of the paracellular to transepithelial
(Eq. 4) conductance.
Effect ofremoving glucose
To begin to assess the metabolic requirements for Na
transport, we first removed glucose from the bath, leaving the
tubule without exogenous substrate. Figure 1 shows the time
course of glucose removal on the 'eq and demonstrates that no
tubule could maintain the 'eq at the control level in the absence
of exogenous substrate. Ten minutes after glucose removal the
tubules had a markedly reduced 'eq that approximated the value
at 30 minutes. Four of the six tubules were able to maintain
some 'eq3° minutes after substrate removal, suggesting that the
CCD contains some endogenous substrate capable of being
utilized for at least 30 minutes. In support of this contention is
the fact that glucose removal did not produce the same mor-
phological changes that inhibitors of mitochondrial function
did. Whereas such inhibitors produced rapid cell swelling and a
granular appearance to the cells, glucose removal produced
only a minor degree of cell swelling and no granular appear-
ance. No tubule displayed an oppositely directed 'eq' suggesting
that electrogenic H secretion was probably not present in the
absence of glucose.
The reduction in 'eq was produced by a reduction in both VT
and GT. Table 2 displays the steady state values for both 'eqand
the GT. The time course of the changes in 'eq and GT for a
representative experiment is depicted in Figure 2. In this
experiment we sought to determine the effects of re-exposing
the tubule to glucose after the 'eq and GT had declined. After a
10 minute withdrawal from glucose, re-exposure produced
50% recovery of GT but only a trivial change in 'eq within the
20 minutes required for GT to achieve a new steady state.
1000
800
600
0 4 8 12 16 20 24 28
Time, minutes
Fig. 1. Time course of glucose removal on equivalent current
Glucose (8.3 mM) was replaced with mannitol. No other substrate was
present in the bath or perfusate.
Fig. 2. Effect of glucose removal on I (•) and transepithelial con-
ductance GT (U). In this representative experiment, the presence of
glucose in the bath is indicated by the stippled area over the 'eq and GT.
Clear areas indicate no substrate (mannitol) present.
(Eq. 2)
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Subsequent removal of glucose produced a comparable reduc-
tion in 0T' with a similar response to readdition. After a third
period of glucose removal, the ability to recover GT was more
noticably impaired. The magnitude of the reduction in GT
indicates that withdrawal of glucose reduces cellular conduc-
tance. The magnitude of the decrement cannot be attributed
soley to changes in the paracellular pathway; in this prepara-
tion, the paracellular pathway is never this large [13]. These
results demonstrate that metabolic perturbations can alter the
cellular conductive pathways without necessarily producing
parallel changes in active transport.
Substitution of glucose for other substrates
In order to assess the metabolic requirements for active Na
transport, we developed another protocol. We discovered that
tubules deprived of glucose during the dissection and the
equilibration phases (— 30 to 90 mm) increased their 'eq
immediately upon adding glucose to the bath. Furthermore, the
GT in this protocol was quite stable. Although some tubules
displayed a gradual reduction in GT with time, we never saw an
abrupt change clearly attributable to the change in substrate
such as that displayed in Figure 2. The increase fl 'eq reached
a steady state within 20 minutes, making this protocol practical
for evaluating periods of control substrate, glucose substitution,
and subsequent return of the original substrate. The results of
experiments testing a series of substrates are displayed in Table
3 and Figure 3. They demonstrate that none of the substrates
tested was as effective as glucose in supporting 'eqS This
observation becomes clear in Figure 3 where the mean values of
'eq (pre- and post-glucose periods) for each substrate are
compared to the measurement in the presence of glucose. In
every case, the value of the 'eq measured in the presence of
glucose was greater than in the presence of the test substrate
(by paired analysis). The values for GT were at most marginally
different between the experimental period and the glucose
period.
Three sugars, mannitol, fructose, and galactose, and three
amino acids (alanine, glutamate and glutamine), displayed little
ability to support 'eq Two metabolites of glucose, lactate and
pyruvate, had the greatest capacity to support 'eq of all the
compounds tested. The short-chain organic acids had a mixed
capacity to Support 'eq Those having an odd number of
carbons, proprionate and valerate, had a poor capacity. In
contrast, those acids with an even number of carbons, acetate,
butyrate, and hexanoate, showed substantial capacity to sup-
port transport.
We noted a trend regarding the magnitude of the 'eq in the
glucose period. As shown in Figure 4, groups of tubules that
were first exposed to substrates that supported transport poorly
had a smaller 'eq in the presence of glucose than did tubules first
exposed to substrates that supported transport well. There was
a highly significant correlation between the paired values of 'eq
before glucose exposure and after glucose exposure (r = 0.97).
The major contributor to the difference in the 'eq was the VT;
there was no effect of the pre-glucose substrate on the °T
Additive effect of substrates and glucose
The substitution of glucose for another substrate provides
evidence that glucose is the best single substrate for transport.
However, this result does not mean that glucose alone can
Table 3. Effect of substituting glucose for
Ofl 'eq and UT
other metabolic substrates
Substrate N Control D-glucose Recovery
Mannitol 6 'eq
GT
8 9
14.5 2.5
257 41
12.2 1.4
10 13
10.9 1.8
D-fructose 6 Ieq
°T
27 19
12.0 2.3
219 24
12.0 1.7
11 11
7.8 1.2
D-galactose 7 'eq0T
29 8
16.5 2.0
251 40
14.2 2.1
18 10
10.5 2.5
L-lactate 6 'eqUT
407 64
15.3 2.3
502 60
13.6 2.0
258 34
12.1 1.9
Pyruvate 6 'eqUT
431 79
16.9 1.3
514 61
15.1 1.0
359 57
14.2 1.3
Acetate 6 'eqUT
333 31
19.0 1.7
424 43
18.1 1.8
345 36
17.5 2.0
Propionate 5 'eq
UT
54 33
13.9 2.0
241 64
11.7 0.8
47 22
12.1 1,5
Butyrate Ieq
UT
258 67
20.0 2.7
412 50
17.1 2,2
197 55
15.3 2.4
Valerate
'eq
GT
54 12
16.9 1.4
216 12
16.4 1.6
42 6
13.0 1.5
Hexanoate 6 'eqGT
271 14
11.5 1.0
363 20
12.5 1.3
179 14
9.9 1.0
Alanine 6 'eq
UT
34 19
16.4 2.8
269 48
13.3 1.8
10 15
11.5 1.8
Glutamate 6 'eq
UT
42 26
18.3 4.1
303 60
15.1 2.7
28 10
15.4 3.9
Glutamine Iq
UT
45 6
17.2 5.1
244 31
15.7 4.3
52 8
14.2 4.4
'eq' tA/cm2; UT, mS/cm2. N = number of tubules examined. Values
for 'eq and GT represent mean of final (steady state) 8 minutes of each
20 to 30 minute period. Control and recovery periods are steady state
measurements of the indicated substrate before and after substitution
by glucose. Protocol is depicted in Figure 5A. All values of 'eq are
greater in the D-glucose period than in the mean values for control and
recovery. All substrate concentrations are 8.3 m. Tubules were
dissected in the same medium used in the control and recovery periods.
support the highest rate of transport of which the CCD is
capable. To determine if a combination of substrates could
provide more support than glucose alone, we conducted exper-
iments where steady state measurements of 'eq and GT were
made in glucose solutions and another substrate added without
removing glucose. As shown in Table 4, none of the agents
tested was able to enhance the 'eq established in the presence of
glucose. Two short-chain fatty acids, hexanoate and octanoate,
produced a reduction in 'eq and °T• Although the number of
experiments is too small to demonstrate statistical significance
(because N = 3), from the time course of the individual
experiments the qualitative effect of these two fatty acids on the
conductance was clear.
Simultaneous measurement of 'eq and Na
Given the fact that the 'eq does not accurately reflect the
absolute magnitude of Na transport, changes in 'eq in response
Fig. 3. Comparison of 'eq in presence of test substrate and with
glucose. Data summarize results presented in Table 3. Values in
stippled bars are mean values for control and recovery periods. Open
bars are glucose period. 'eq in glucose period is always greater than in
the test substrate period (by paired t analysis). Standard error bars are
omitted for clarity (Table 3).
600
to changes in metabolic substrate must be taken only as a
possible index of changes in the rate of Na transport. In order
to assess whether changes in 'eq reflected changes in Na
absorption (as opposed to changes in K secretion) we mea-
sured 'eq and Na under several conditions where a change in
substrate produced a change in 'eq In every situation where it
was measured, changes in one value tracked very closely with
changes in the other. Figure 5A and SB show the changes in 'eq
and Na during an experiment where a glutamate period was
followed by a glucose period. Three general points are illus-
trated by these figures. The first is the time course; within 30 to
40 minutes after glucose substitution 'eq and JNa have reached
their new steady state. The second point is that changes in 'eq
Substrate N D-glucose
D-glucose
plus substrate
D-fructose 3 I0T 325 9522.5 7.9 340 8320.7 7.3
L-lactate 3 'eq
GT
370 86
15.6 1.8
367 78
15,0 1.9
Pyruvate 4 'eqGT
431 141
18.3 2.5
437 143
17.8 2.4
Acetate 3 'eq
ciT
417 53
22.6 1.9
395 66
21.8 2.5
Propionate 'eqG
513 31
21.5 4.9
483 83
20.1 5.2
Butyrate 3 'eq
°T
417 58
16.8 1.4
429 50
16.1 0.8
/3-hydroxybutyrate 'eq
G-
613 72
21.8 5.0
556 82
19.9 4.3
Hexanoate 3 'eqGT 16.5 1.4
399 41
12.7 1.6
Octanoate leg
GT
415 85
11.9 0.4
225 44
6.8 1.5
Alanine
'eq
°T
706 115
25.7 4.8
728 96
24.0 4,3
Glutamate 3 'eq
°T
288 61
9.6 0.8
278 59
10.1 1.0
Glutamine 3 Lq
GT
594 100
22.1 2.0
552 75
21.8 1.9
'eq' A/cm2; GT, mS/cm2;
depicted in Figure Sc.
N = number of tubules. Protocol is as
are a relatively good index of changes in Na absorption.
Figure 5A shows that changes in 'eq parallel changes in Na
(corrected for passive flux). The third point is illustrated in
Figure SB where the data from 5A are replotted after converting
'eq units of (net) Na flux. It is apparent that the quantitative
agreement between Na and 'eq maintains a reasonably constant
ratio as Na transport increases. Applying these values to the
model in the appendix, one can calculate that the value of the
paracellular conductance is - 15% of the GT and changes little
over the period where Na transport is greatly increased.
We used the protocol for the above experiments to measure
'eq and Na simultaneously in several experiments where glu-
cose replaced the test substrate. We chose glutamine and
glutamate as representative substrates that appeared to support
Na transport poorly (Table 3). In every comparison (N = 3
each) the results were similar to the representative experiment
in Figure 5A and SB; the 'eq was a qualitatively representative
but quantitatively imprecise index of the change in Na trans-
port. We chose lactate and pyruvate as substrates that appeared
to support Na transport reasonably well. In every case (N =
3 each) the small increase in 'eq was paralleled by a small
increase in Na' These experiments thus support the conclusion
that 'eq reflects primarily active Na absorption. They also
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Table 4. Effect of addition of various substrates on 'eq and GT
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Fig. 4. Relationship of 1eq in presence of test substrate compared with
'eq in presence of glucose. Linear regression equation, y = 0.64l,y + 226(r = 0.97). Values in sA cm2.
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support the conclusion that glucose supports a slightly greater
rate of Na transport than lactate or pyruvate alone.
We also measured 'eq and Nq simultaneously in some tubules
where 'eq did not change. These experiments were conducted to
test the idea that a lack of a change in 'eq reflected no change in
Na It is conceivable that oppositely directed changes in two
electrogenic transporting systems might have concealed an
actual change in JNa Figure 5C shows a representative exper-
iment (of 3) where butyrate was added to glucose. Butyrate was
chosen because it supported transport reasonably well as a
single substrate (Table 3) and because its metabolism might be
regulated somewhat differently than glucose [211. The results
show that the lack of change in 'eq was paralleled by a lack of
change in Na.
Discussion
The results of these experiments show that the metabolic
support of Na transport by the CCD can come from one or
more of several substrates; the most effective substrate is
glucose. No other substrate tested supports Na transport as
well as glucose does, although several substrates were almost
as effective (Fig. 3). The fact that lactate, pyruvate, and some
short chain acids can support transport in the absence of
glucose implies that oxidative phosphorylation supplies the
majority of the energy. Glycolysis appears not to be essential
for transport. We found no substrate that enhanced the magni-
tude of Na transport in the presence of glucose (Table 4).
Utility of the 'eq
As an estimate of the magnitude of the Na transport, the I
was adequate but not perfect. Our analysis of the factors
underlying the differences between the magnitude of the 'eq and
the actual current loop (Appendix) demonstrate the theoretical
extent of the discrepancy. In most of the present experiments,
we measured changes in Na transport without major changes
in GT. Thus the major component responsible for the change in
'eq was the Using the model in the Appendix, one can
readily demonstrate that an increase in VT without a change in
GT must be caused by an increase in the current loop. Exclud-
ing changes in H secretion that could produce such an effect
A
glutamate D-glucose glutamate
5
4
B
3
300
250
2
1
0 0 10 20 30 40 50
Time, minutesci 0 10 20 30 40 50 60 70Time, minutes
60 70 80
butyrate
D-glucose
80
0 10 20 30 40 50 60
Time, minutes
Fig. 5. Examplesof experiments where 'eq (•) and JN () were
measured simultaneously. A. Plot of 'eq and Na in an experiment
where the substrate was changed from glutamate to glucose. JNa
was corrected for the paracellular component as described in the
methods, The relative changes in the two parameters can be readily
compared. B. Plot of the same data in A with 'eq expressed in units
of Eq cm2 he'. JNa is substantially less than 'eq at high rates
of transport. C. Example of the lack of effect of butyrate on Na
transport in the presence of glucose. Values of 'eq and (net) Na
expressed as in B.
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(Table 1), an increase in the current loop could be produced
either by an increase in active Na absorption or by a reduction
in (conductive) K secretion. The reduction in K secretion
would have to be coupled to oppositely-directed changes in
cellular and paracellular conductances. The demonstration that
the increase in T (and hence 1eq) was accompanied by an
increase in the lumen-to-bath Na flux strongly supports the
conclusion that the increase in 'eq in these experiments is
predominantly caused by an increase in active Na absorption.
These experiments allow us to compare the utility of the VT
and the 'eq as estimates of Na transport. In a single tubule
where GT does not change and 'eq is determined solely by the
change in VT, the two parameters would be equivalent in
estimating relative changes in active Na transport. However,
values of 0T and JNa display widely divergent values from one
tubule to the other. There are reasons to suspect that the VT
measurement might not be as accurate a predictor of active Na
transport as the 'eqS We therefore compared these parameters in
the 21 tubules where GT, VT, and JNa were measured simulta-
neously. As shown in Figure 6, the correlation between 'eq and
Na was substantially stronger than the correlation between VT
and 'eq This analysis demonstrates that GT, VT, and Na
transport are only loosely correlated. The product of VT and GT
(Teq) is a more accurate reflection of Na transport than VT
alone.
Comparison of CCD with other nephron segments
The proximal tubule does not possess significant glycolytic
capacity [22—24] and thus its metabolic support of transport is
completely different from the distal nephron segments. How-
ever, the thick ascending limb of Henle's loop provides some
instructive comparisons. The cortical portion (cTALH), studied
using 'eq as an index of transport, shows considerable similar-
ities to the CCD [18]. In both the CCD and the cTALH, glucose
provides the maximum support for transport; addition of other
substrates does not increase transport capacity. The rabbit
inner medullary collecting duct also appears to behave in this
fashion [25]. This lack of additivity is different from the med-
ullary thick ascending limb of Henle (mTALH). As assessed by
ouabain-sensitive 02 consumption, butyrate, when added to 10
m glucose solutions can increase maximum transport [21].
The precise mechanism(s) whereby butyrate can increase trans-
port-related metabolic activity is not clear.
If one assigns the designation "good" or "poor" to the
ability of a single substrate to support transport, the cTALH
Fig. 6. Correlation between simultaneously
measured J'J and I (A) and transepithelial
voltage (VT) (B) in tubules where all three
parameters were measured. J correlates
more closely with 'eq (3' 2A' — 150, P
0.75) than with VT (y = O.112,y + 2.6, r2 =
0.35). These values represent periods where
the only substrate was glucose; some of the
tubules had been previously exposed to
another substrate.
and the CCD appear to be rather comparable [18]. While there
may be some differences between the cTALH and the CCD
resulting from differences in experimental protocol, the general
conclusions seems to be that: (1) glucose is a preferred sub-
strate; (2) lactate and pyruvate are good substrates; (3) short
chain fatty acids with an even number of carbons are good
substrates; (4) short chain fatty acids with an odd number of
carbons are poor substrates; and (5) amino acids are poor
substrates.
The cTALH and the CCD also share the requirement for
exogenous substrate for the support of significant transport. In
both segments removal of all substrate produces a fall of most
of the transport activity within 10 minutes [18]. The situation
appears to be quite different in the mTALH [21]. Ouabain-
sensitive 02 consumption is not different in the absence or
presence of exogenous substrate. The intracellular energy re-
serves used to support this transport appear to be endogenous
fatty acids [211. The fact that the mTALH but not the CCD or
the cTALH can utilize fatty acids with an odd number of
carbons [21] suggests that the machinery for fatty acid metab-
olism is fundamentally different.
Time-dependent effects
The effects of changes in metabolic substrates on transport
can be influenced by the specific protocol and the time-frame in
which the effects are studied. Such effects are observed for ATP
content [7] as well as ion transport. For example, the removal of
glucose from transporting CCDs causes a marked reduction in
Na transport as well as a reduction in GT (Fig. 2). The
replacement of glucose produces a partial return of GT but a
minimal return of transport within 20 minutes. Repeated meta-
bolic deprivation apparently can produce changes in conductive
pathways that are increasingly difficult to reverse (Fig. 2).
If CCDs are deprived of exogenous substrate during dissec-
tion (and an initial control period), they maintain their ability to
develop substantial Na transport after glucose is added (man-
nitol group, Table 3). This response is in contrast to that where
the tubule is dissected in a glucose-containing medium and
glucose is removed accutely after Na transport is established.
Re-addition of glucose under these conditions does not restore
active Na transport, at least within the time frame used in
these experiments (Fig. 2). Tubules that have been prepared
and initially perfused with "poor" metabolic substrates do not
produce as robust a transport response to addition of glucose as
do tubules that have been prepared with "good" metabolic
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substrates (Fig. 4). These results illustrate some practical
aspects of experimental design. Furthermore they suggest that
multiple events occur in the CCD in response to metabolic
perturbations.
The large change in Na4 transport that can occur with
minimal change in GT (such as Fig. 5) strongly suggests that
cellular conductive pathways are not necessarily coupled to
changes in active transport. The fact that under some condi-
tions addition and removal of glucose can produce large
changes in 0T without major changes in Na4 transport (such as
Fig. 2) suggests that cellular conductance pathways can be
modulated by changes in metabolic conditions. A simple inter-
pretation of these data would be that active Na4 transport is
more sensitive to metabolic stress than is the maintanance of
conductive pathways. This general conclusion is supported by
the (unpublished) observation that removal of glucose from
tubules that have been treated with amiloride to inhibit Na4
transport does not cause a reduction in GT. The full interpreta-
tion of these results will require detailed analysis of changes in
the barrier conductances and examination of single channel
activities.
Relationship of transport to ATP content
The mechanism whereby Na transport is reduced following
removal of substrate is not well understood. It is reasonable to
postulate that the reduction in cell ATP that attends removal of
substrate limits the energy supply to the Na/K4 pump and
thereby limits transepithelial transport. However, such a sce-
nario is probably an oversimplification. Although the magnitude
of Na4/K pump transport can be related to the cell ATP
content, the concentration of ATP in the cell is probably
substantially higher than the apparent Km of the pump for ATP
[2]. Comparison of the effect of substrate removal on CCD Na4
transport (Fig. 1) and ATP content [6, 7] raise the question of
whether reduction in ATP content could be the entire explana-
tion for the reduction in Na transport. For example, reduction
in Na transport might be related to the increase in cell
phosphorous that occurs when ATP hydrolysis exceeds synthe-
sis. It is well established that increases in P1 influence the
kinetics of the Na4 pump resulting in its inhibition [26, 27].
Inhibition of the Na4/K4 pump is not the only mechanism
whereby limitation of substrate can reduce Na4 transport.
There is good evidence in the toad urinary bladder that the
permeability of the apical membrane Na4 channels is reduced
when metabolism is restricted [28]. Although the mechanism is
not known, an increase in Na4 permeability can be demon-
strated with pyruvate; glycolysis does not seem to be necessary
for this apical membrane effect.
Role of ATP from glycolysis
Taken together, the present results indicate that the major
source of ATP for transport comes from oxidative phosphory-
lation. Inhibition of oxidative phosphorylation in the presence
of glucose causes a rapid fall in transport and obvious deterio-
ration of the cell. Clearly, anaerobic glycolysis alone can not
support a fully functional cell. Nevertheless, there may be a
special role for glycolysis in support of Na4 transport. Some
investigators have provided evidence that glycolysis provides
ATP preferentially to the Na pump on the plasma membrane
[29—32].
It seems likely that glycolysis provides some energy for Na4
transport that is not available from other substrates. To esti-
mate the magnitude of the potential contribution of ATP from
anaerobic glycolysis to transport, we can calculate the amount
of ATP necessary to fuel Na4 transport at the rate of 7 Eq
cm"2 hr (90 pEq . mm"' min'1). Assuming 3 Na4
transported per ATP, the CCD needs 30 pmol ATP mm"
mm"' to sustain that magnitude of transport. From the results
of Bagnasco et al [33], we know that the rat CCD can make
lactate at the rate of 0.5 to 4.4 pmol . mm" mm", thereby
providing enough ATP to support 1.5 to 13.2 pmol mm"
mm" of Na4 transport. Thus, it is conceivable that, at high
rates of transport, ATP production from glycolysis (exclusive of
oxidative metabolism) could support 10 to 20% of the Na4
transport.
The results of these experiments demonstrate the relative
utility of using VT and 'eq as estimates of Na4 transport by the
CCD. They support the idea that oxidative metabolism is of
major importance in the support of high rates of Na4 transport.
The rate of Na4 transport appears to be quite sensitive to the
availability of metabolic energy while the maintenance of
cellular conductive pathways may be somewhat less sensitive
to metabolic stress. The activity of the Na4/K4 pump does not
seem to be inexorably linked to the magnitude of cell conduc-
tive pathways.
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Appendix
The relationship between 'eq and net Na4 absorption by the
CCD can be quantitated as follows. The current flow from
lumen-to-bath is exactly balanced by current flow from bath-to-
lumen because in the open circuit conditions used in analyzing
perfused tubules, net current flow across the epithelium must
equal 0. The only current flow from lumen-to-bath is the Na4
current best depicted as that flow across the apical membrane
(through Na4 channels), 'CaI There are three currents in the
bath-to-lumen direction: the paracellular current, 'para; the K
secretory current, I,jcal; and the proton secretory current, I.(I occurs through an intercalated cell and not through the
principal cell which transports Na and K4.) Thus,
1Na + q + + 1H 'E Alapical para apical cell) — . q.
The 'ical can be expressed as the sum of two components
flowing across the basolateral membrane: the K4 flux through
the pump, and the flux through the basolateral K4 channels
which in stimulated CCDs is in the secretory (that is, into the
cell) direction 123]. Because the stoichiometry of the pump is
3Na4 :2K4, the sum of the basolateral K fluxes, which are
equal to the apical K4 flux, can be expressed as
1K _,K_1jNa (
apical
— bI pump q.
In the steady-state, mp 'caI Therefore,
TNa — T ,H (TK .t, TNa '
— 'apical —
'pam + 'cell + 'bl — "-' 'apical) .q.
The magnitude of 'para is the product of VT and the conductance
of the paracellular pathway (Gpara). Therefore, rearranging and
substituting into equation A3 gives
TNa — I7 TK yH
—
'apical  VT para + 'bI + 'cell)
Because VT = 1ec/0T equation A4 is written as
aNa — , pam ,K ,H
'apical —
-, I 'eq + 'bi + 'cell I/
Thus, if I and III are small compared to Na4 transport, the
relationship between active Na transport and 'eq approaches
'apical
Gpara 'eq (Eq. A6)
For an epithelium where electrogenic Na4 transport is the only
(active) pathway (such as where no apical K4 channels exist),
the factor 3 becomes 1 and the magnitude of the current loop
and the 'eq can be equated by using the ratio Gpara/GT.
